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Heat Consumed in Burner Compared to Gross Heat 
Hiip^ut vs. Terapera;ture 



SUMMAiH 



A series of tests has been completed in wMch LINS fluidized 
bed biirners vere used to heat intervals of from 50 to 100 feet in thick- 
ness. Design ajid operating data were obtained and several functions, 
with which burners can be conrpared^ have been correlated with these data. 
It has also been shown that the gas produced by the LBfS process is a 
suitable fuel for these burners. 



INTRODUCTION 



Since 1955^ a series of tests has been performed by Husky 
Oil Company and Svenska Skiff erolje Alctiebolaget, near Santa Cruz^ 
Calif ornia^ with the purpose of adapting the LJungstrom In-Situ (LINS) 
method to the recovery of oil from tar sand. In October ^ 1957 ^ these 
conrpanles were joined by Union Oil Company of California and since 
that time, oil and gas recoTeries, b^lmer design, and materials of 
construction have been studied- Results concerning oil and gas recover- 
ies and earlier burner tests have been reported previouslyl^^. 

The burners tested before October, 1957, included a number of 
different designs and sizes, however the so-called "sand burners", in 
which heat is transferred to the formation by a fluidized sand bed, has 
proven to be by far the most efficient burner. This burner has also 
been used in a 100-well field test^. Because of the success of this 
burner and the fact that the earlier tests were concerned with heating 
short intervals, usually less than 50 feet, this series of tests was 
undertaken to develop burner design and operating data for intervals as 
large as 100 feet. 
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DESCRIPTION OF TEST FAdLITIES 



Buraers and Wells 

The tests vere conducted in three veils, niiiahered-120^ 122, and 
12^, vhich vere drilled and completed as follows: 

Well 12l^ 



160' 
l60' 



The veils vere drilled vith a 12^-inch bit and the outer casing was 10^-inch 
Armco "Spiralveld" pipe- The outer casing was present to exclude formation 
water which would disturb the temperature measurements.; Burner casings 
were schedule ko, carbon steel pipe. As shown on Fi^ur|e 1, the b\amer 
casing was centered in the outer casing, emd a 2-inch pipe was strapped and 
spot -welded alongside the burner csising to serve as a thermocouple well* 
The annulus between the bixrner casing and outer casing was then filled with 
sand to prevent convection and to provide heat capacity. ^ 

The burners were of the same general design as the sandburners 
used in previous tests. The supply pipes were -^-inch, schedule hO, carbon 
steel pipe, except for the last 20 feet, which was ^-inch, schedule 80, 
l8-8 stainless steel pipe. The cones were cast 25-12 stainless steel with 
ah inside diameter increasing from 0,50 to 1*32 inches. The biimer tubes 
were 1, ij-, and 1^-inch, schedule ko pipe of varying len^hs as shown on 
Tables 1 through 5. Five to ten feet of the btimer tube, nearest the cone, 
was 18-8 stainless and the remainder was carbon steels 

The sand used in these tests was a commercisQ. grade of quartz sand, 
designated Halliburton lO-JO Hydrafrac sand, which was nominally 10 to 50 
mesh, spherical sand. The average particle diameter of the new sand was 
0.0316 inches. Sieve analyses of new and used sands are shown on Figures 2 
and 3, and Tables 9 and 10. Average particle diameters varied from O.OI67 
in- to 0.0255 in. after the sand had been used in the. tests; however, most 
of this wear occurred during a "break-in" before the tests. 

Fuel Gas Supply 

Hi most of the tests the fuel was propane, although five tests 
were run with sweetened produced gas from the 100 -well test. Figure k is 
a flow sheet of the gas supply and metering equipment. The system pressure 
was CQntro3JLed by regulating the pressure in the line from the propane tank. 



Well 120 Well 122 

Outer Casing Depth 100' 135' 

Bxirner Casing Depth 95' I30' 

Nominal Burner Casing Diameter 3" 3^" 
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A bleed from this line, to a balance valve, was used to imintaln the 

SSS^d'^nJ'^" ^ ^ ^-^^ Each strea! vas 

S^L metered separately before they vere mixed. Usually 

three tests were in progress at once and each test was controlled by a 

° ^°*«^-ters and needle valves. The pressure in the propane 
2d v^r^ maintained at 80 psig by heating the tank Jith infra- 

red lamps, which were controlled by a pressure switch. 

The hydrogen sulfide was removed from the produced gaa in an 
iron-sponge sweetener. This gas was then compressed and rejnilated at a 

SSSVS ^^^^ ^ ^"PPly 1^ The pSiuc^fSslas 

21 regulated in the same way as the propanJ, with a rotLeter 

and a needle valve. The composition of this gas is shown on Table 11 

Temperatu re Measuring Equj-pment 

w^n .yrr^^^^^ temperatures were measured in the 2-lnch thermocouple 
on^ '^^h";/^^:."-:. iron-constantan thermocouples were mZted 
iLrs^'^e I fnrl ^ the^ocouple Junctions attached to the centri- 
izers. The ^-inch pipe could be moved up or down to change the depth of 

Ser^oc3^?^^'; ^ ^ ^ si^e oFall^Se 

thermocouples with a separate constantan wire to each couple. • The iron 

any current flow caused by differences in ground potential. The thermo- 
couple potentials were recorded on a Leeds & NortSrup, "SpeedomL" 

StSS toorS^rtv,"^'" thermocouple positioSH^re it 
usually took less than an hour for them to reach a constant temperature. 
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DESCRIPTION OF TESTS 



Original Test Program 

After a few tests had "been ruiij th6 original test program had 
to be revised- This was because of the increase in bed expansion above 
the previously predicted values- In addition several supplementary 
tests were made, based on the results of the tests in the revised program; 
The development of these test programs and the operation of the tests are 
described below. 

These tests were intended to investigate the use of sandburners 
in intervals of 50 to 100 feet in thic3niess, and to obtain design data. 
The following factors were of interest in burner design: 

1. Fuel Gas 

2. Heat Input 

5- Burner Casing Diameter 

Burner Tube Diameter 

5- Burner Tube Length 

6. Type of Sand 

7- Size of Sand Particles 

8, Amount of Sand 

9* Materials of Construction, 

Several of these factors were eliminated from cdnsideration in 
these tests. The size and-. type of sand were not varied because of the 
limited types of sand available and because previous tests had shown that 
sands in the range of 10 to 50 mesh were satisfactory, A spherical quartz 
sand was used because of its resistance to wear . This is important in 
maintaining the same particle size and shape over a series of tests. 

Materie0.s of construction could not be studied in these tests 
because of the short duration of each test. Casing materials were being 
tested in a concurrent seven-well test, however. 

The only fuel gas available in suitable quantities was propane. 
Therefore it was necessary to use propane in most of the tests. However, 
a limited quantity of production gas was available from the 100-well field 
test, and this was used in a few burner tests. Production gas, natural 
gas, or mixtures of these would probably be used in a commercial operation- 
Two important factors which depend on the fuel gas are the exhaust 
gas flow rate, compared to the heat input, and the flame velocity. For 
propane, natural gas, and production gas, the amotint of exhaust gas per 
1000 Btu is 10.5, 10-6, and 10.0 Scf, respectively. Thus, these fuels 
are practically equivalent on this basis. Burning velocities for hydrogen, 
methane and propane are shown on Figure 5 at various fuel -air ratios. 
Methane and propane flame velocities are SLlmost equal, thus one would expect 
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them to behave similarly in a LINS burner* The produced gas consists 
of about ^0^ hydrogen, 30^ methane and about 30^ heavier hydrocarbons 
(see Table 11 ). Thus its flame velocity vould probably lie somevhere 
between those of methane and hydrogen^ higher than either methane or 
propane. Although temperature, tube diameter, and pressure effect the 
flame velocity, the above relationships between the flame velocities of 
these fuels should not change radically for any particular burner. 
Therefore it was felt that propane could be used instead of natural gas 
and that a few tests should be made using production gas^ depending upon 
its availability. 

Thus, the following variables were to be studied in these 

tests: 

. 1. Heat Input 
2. Burner Casing Diameter 
•3. ' Burner Tube Diameter 

Burner Tube Length 
5- Amount of Sand. 

Because of the lack of knowledge of interactions among variables, it was 
felt that the most efficient experimental design would be a complete 
factorial design.37^,5,6 requires that each variable be studied at - 

two levels, which means that with n variables there would be '2^ experi- 
ments. In this case 32 experiments would be required. It would be 
difficult to cover a range of burner dimensions and operating conditions 
while maintaining each of the above variables at two levels. A burner- 
tube of a given diameter can be ^^sed with a limited range of flow rates 
because of the danger of flashback of the flame at low rates and flame 
blow-out at high rates. Likewise, the flow rates which provide good 
fluidization of the sand bed lie in a certain range, and a given annulus 
area can be used only for a particular range of flow rates." Thus burner 
tube diameter and burner casing diameter are not completely independent 
variables, but they are related by the above considerations. Therefore, 
the burner variables were redefined as: ' 



1* Mass flow rate, Q (lb/sei;-sq..ft. of 
annulus area)* 

2. Sand height in the annulus divided by 
the burner tubing length, Lq/Lb. 

5- Burner tubing length divided by the area 
of the- annulus, Lg/Aj^ (ft./sq* in.)* 

k. Burner feasing diameter, (inches). 

If the choice of casing diameter also determines the burner tube diameter, 
as was assumed, then the four variables given above would define the 
dimensions and heat input for a burner. Therefore a series of 2^*- testa 
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was programed as shovn on Table 1. Because of the economic importance 
of casing dxameter, three sizes of casing vere used instead of^o 



Preliminary Tests 

Fluidlzatlon Tests with Air 



yere tested. Eiese data vere taken with varying air' flov rates at several 
sand levels. The data, which are shown on Table S.and Figures 6 to 8 

bS.;'S.^° ""^^^ 'f?'^'^! P^-ss^e. drops to be encouSSred in the 
burner tests, as well as to check the feasibility of the operating condi- 
tions specified in the test program. ® . 

Preliminary Burner Tests 

The first burner tests were run in well 120. The burner was 
operated for about k days to heat the casing to- a teim,erature^Se^ter 

^ thHauip^^tT^e^est 

?S^SuI?nf°?h?f i T '"^r? °" 1958. -Table 5 shows 

the rksults of the first three, tests, two of which (l and 5) were repeated. 

^^""^^ ^ ^^en completed, it became'" apparent 

SSo?^t;iv^i'!' ta^en after each test, showed rapid wea. of^he sa^d. 
bSo^Tsfno l uTl^^t,^^ ^ ""^^ saa5>les,< except the one taken 
oS? on this sLfJ ^"^^k ^"""^^^ ^ analysis was made 

«^ m !' ^ one. taken later at about 800 hours (see Table 9 

aM Figure 2). Table 5 shows that the ratio of the height of the sluggiL 

T^SeT^^uirh V^^ ""^'-^ te' t^roS^:? 

Sce:siv:°:^"2ss:sr" '^'""^^ ^^-^^^ voSld'^ause 

Bevised Test Program 

were set at rSraniS^n^or^.r^ ^ ^s-tes 

^ailoB 0+ n kAn^^ 2;^^! lVft2 sec, and the sand level to tubing lenrth 
ratios at O.JfOO and O.500. Other variables remained as originallyliSd 
^se tests were designed to allow minimum bed expansions of ^Ld 
maximum height of slugs, compared to settled bedheight, of\:o K was 

at all times, to avoid overheating the cone. The top of the slugginK zone 

of .1;^ °f course, make it difficult to control the 

amount of sand in the casing. The revised test program is shown on Table 2. 
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Tests in Well 120 



Well 120 had a j-incht burner casing, 95 feet long. All of the 
tests shown on Table 2 for this well vere completed. These results are 
shown on Table 6 and Figures 9 to 2?. In sonie cases, more than one 
temperature curve was used in a given test and these curves, along with 
the corresponding data, axe denoted by the letter a, b, c, etc., e.g., 
tests 120-2a and 120-2b. The operating conditions for these tests are 
shown on Table k. 



After the tests with propane had been completed, four of the 
tests (121 series) were repeated using produced gas from the 100-well test. 
The composition of this gas, before and after hydrogen-sulfide removals 
IS shown on Table U. This fuel gas was much easier to light than pro- 
pane, probably because of its higher flame velocity. 

- ^J"^ i^smuch as many tests remained to be completed 

I T^^?:^' " ^^"^ 120 could be used to run some 

tests wxth l-mch burner tubing. No data had been taken previously to 
determine the maximum capacity of this smaller burner. A 1-inch burner 
was set in well 120 and, without sand in the casing, the heat ir^ut was 
increased in an attempt to exceed the capacity of the burner. At 60,000 

the capacity of the available metering eq.uipment was exceeded, 
and the test was discontinued. 

^„ « n .J.^""^^ additional burner tests were made with one-inch burners 
in well 120. These tests which are denoted by the lettei^ "B" are listed 
in Table 3- Insufficient temperature data were taken during tests 120-5B 

120-7B because of their short durations. One additional test, 
1 : i ^* conditions as 120-83 but with a helical baffle 

irS! ^^''^ o° stqiply pipe. Test 121-l^B could not 

be run because of the high sand losses. Because 121-5B was to have the 
same amount of sand with a higher heat input, it was not attempted, and 
121-6B was run Instead with a lower heat input of 50,000 Btu/hr. This 
test was run satisfactorily. One additional test was run vith the one-inch 
burner using produced gas from the 100-well test. This test, 121-5BS. 

Sbl^?) ^ ^'^'^ ^^^^ ^^^^ 121-13(866 . 

J^^^"^ ^ ^ 120, a sample' of the burner 

??^tri *^f^,^ analyzed. The sieve analysis is shown on Table 9 and 
li?^ onn u «-PParent that most of the sand wear occurred during the 

f ° ^ equilibrium average paxticle size, of a?out 

0.022 inches, was maintained during most of the tests. 

Tests in Well 122 

rrr-r^^rr, ^ ^^.^^ Contained 150 feet of ji-inch casing. The original test 

S SSe r af th"'^' *^f' ''^^^^ ^^^'^ *° Shown 

on Table 2, at the same time that the tests for well 120 were revised. The 
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results of the tests are shown on Table 6 and Figures 28 to 3if. The 
first four of these tests, 122-1 to 122-^4-, were completed without 
trouble « The thermocouples shorted several times during this test^ 
appaxeatly because of carbonization of oil and grease in the thermo- 
couple insulation a The thermocouple tubing apparently had hot been 
cleaned sufficiently. Before the test could be completed, the burner 
cone failed. Although there was no apparent casing damage, the thermo- 
couples were destroyed and;> in subsequent tests, the teiirperatures were 
taken with a single thermocouple on a cable or with a thermometer in a 
temperatxore bomb. This bomb was constructed of pipe and had a high 
enough heat capacity to allow the thermometer to be raised to the sur- 
face and read before any measurable • temperature drop occurred.- Test 
123-1 was never completed. Test 123-2 was run next. There was consider- 
able difficulty in maintaining the correct sand level but, after about 
10 days, the sand level became relatively stable and the test co\ild be 
completed. The difficulty was apparently caused by sand sticking to the 
sides of the casing where water had condensed, as well as sand being 
carried out of the casing. 

During test 123-5, "the burner casing failed. This failure may 
have been the result of damage to the casing when the cone failed during 
test 123-1, The top of the fluidiaed bed was relatively close to the 
burner cone in these tests; therefore, tests I23-3 and 125-if were not run. 
Instead of risking equipment damage on these tests it was decided to run 
some tests with shorter biumer tubes. In view of the success with 1-inch 
burner tubes in well 120, at this time, one -inch burners Vere used and 
tests 122-1 to 122-i|- were to be duplicated. These proposed testa, shown 
on Table 5, were called 122-lB to 122-^B. Test 122-lB was completed, 
however test 122 -2B had very high sand losses, in the range of 100 inches 
per day. This test was to be run at the same flow rate as 122-2, but 
with a higher sand level, closer to the conditions of 122-if. Kowever, 
unlike 122-^, this test, as well as 122-4B, cotild not be completed, 
because of high sand losses. Test 122 -3B, at the lower flow rate, was 
conrpleted without excessive sand losses* 

Tests in Veil 12^ 

As in wells 120 and 122, the original test program for well 12k 
(Table l) was revised and is shown on Table 2. Test 12k'l could not be run 
•with 27-5 feet of sand because the cone was too close to the top of the 
fluidized bed to prevent overheating. Therefore, this test was completed 
with 38.7 feet of sand. The remaining tests in this series, if they could 
be ..run, wotild probably have located the burner cone at a very high position 
in the fluidized bed. This would increase the danger of overheating the cone 
and casing. Therefore a new series of tests, 126-1 to ^6~k, was planned 
with shorter, 53 -foot, burner tubes. This test program is showa on Table 3. 
These tests were all run successfully. The results are shown on Table 6* 
and the temperature curves on Figures 35 to ^1. 
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After the programed tests had. heen conrpleted in veil 12^-^ 
one additional test, 127-1, vas nin ^th the same conditions as 126-1, 
except vith a JO -foot burner tube instead of a 55 -foot tube. This 
temperature curve. Figure ^0^ showed an abrupt drop in temperature in 
the lover 50 feet of the casing- It was later discovered that the 
bottom of the burner had been 50 feet above the bottom of the casing- 
This test was then repeated, as test 127-2, with the burner at the 
bottom of the casing • 

Errors in the Data 

The temperatuores shown on Figures 9 to kl appeeu: to vary- 
erratically at certain points along the casing. These variations 
appear at approximately the same depth for all the curves in any given 
well. The source of heat is the burner cone," with the burne:^ tube and 
hot gas at the bottom of the burner supplying lesser amounts of heat. 
Therefore it is impossible to have a point above the cone which is at 
a higher ten^erature than another point located closer to the cone* 
This is also true along the burner tube, except at the bottom where the 
hot exhaust gas entering the annulus can. cause a temperature peak* 
These apparent variations were probably caused by the variation in the 
degree of contact between the central iz ers > where the thermocouples are 
located, and the thermocouple tubing. Another reason may be deposits 
of sand which were occasionally observed on the inside surface of the 
burner casing. These sand deposits consisted of fine clay and silt 
particles which were held on the casing- wall by moisturk. In one case 
one of these ring-shaped deposits became fired and a very hard, brick- ' 
lilce material resulted. Variations in temperature caused by the accuracy 
limitations of the thermocouples and the recorder were small by compari- 
son, being in the range of 25*'F or less* According to the above assump- 
tions, any large errors in teiirperature wo\ild result in low readings, and 
it is not likely that a ten^^erature reading would be higher than the 
actual temperature in the casing. For this reason, the ctirves were 
drawn through the maximum temperat\ires, except at depths where a miniimm 
point could actually exist. 

Pressure drop data were obtained by recording the pressures in 
the fuel gas- at the point where it entered the hose leading to the supply 
pipe. Pressure drops in the supply pipes had previously been recorded, 
and these pressure losses were deducted to give the pressure drop through 
the sand bed. These pressure losses are probably in error in some cases 
because no record was made of the individual lengths of ^-inch and ^-inch 
pipe in the supply pipe. Most of the supply pipe pressure drop should 
have occurred in the ^-inch portion of the supply pipe. Some of these 
data could be in error by as much as 20^ for this reason. Any other- ■ 
errors in pressure measurement would be quite small by comparison. 

The fuel gas and the air flow rates were both measured with 
rotameters before they were mixed. These rotameters were read and 
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adjustments in flow rates were made hourly during the tests. Because 
of the slugging in the sand bedj, the rotameter floats and pressure 
gauges had a tendency to oscillate around a mean value. In additiorij^ 
there were times when the propane condensed in the meters and lines - 
All temperature curves and data were obtained during periods of stable 
operation and in the event of any unusual occurrence which might 
effect the results, the test was continued tintil a period of stable 
operation was again reached- Usually about 12 hours was required to 
record the data for a temperature curve and the average heat input; over 
this period was calcinated by averaging the flow rates calculated from 
each hourly reading. Thus the average gross heat inputs were probably 
not in error by more than a few percent. 

The sand level was measured daily by shutting the burner 
off and pulling it up imtll it was out of the sand bed. The saad level 
was then measured by the length of casing it occupied while settled emd 
then was converted to the height this amount of sand would occupy in 
the annuliis. Sand was generally lost when it became ground into small 
enough particles to be carried out with the exhaust gas- Occasionally 
a slug reached the surface of the casing and larger sand particles were 
lost, but this was quite rare in these tests. During the early periods 
of operation of some tests, when parts of the casing were below the dew- 
point, water conde n sing on the casing walls would cause sand to stick 
to the Tmll. This sand would be considered lost during a check of the 
sand level and woxild he replaced. Later, when the casing was heat;ed to a 
higher texnperature, this sand would fall back into the bed. These vari- 
ations in sand level were occasionally as high as two ffeet per day, 
although in most tests the sand level became fairly constant during the 
later periods when temperature data were being taken. The sand level 
measurement itself coxild be in error by as much as ^' foot, dep^iding \xpon 
the degree of care used by the project personnel making the measurement* 
Temperature data were not taken if the sand, level varied to a degree 
considered excessive for that test, which was- usually about 5^ of the 
total sand level. ) 
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REsunrs 

Definition of Variables 

Because the objective of these tests was to develop Informa- 
tion and data which will be useful In designing and evaluating burners. 
It wa.s necessary to define quantities by which burners could be com- 
pared. A well designed burner should: (l) heat the required interval 
of formation; (2) supply heat uniformly over the interval; (3) supply 
heat at a given rate to the interval; (1^) make efficient use of the 
fueli and (5) operate with a low pressure drop. 

The variables used to describe the above quantities are: 

(1) Length of heated interval, Lg, This has been defined 

as the distance between the. two points, on fhe temperature curve, where 
the ten5)erature rise is one -half the maximum temperature rise. The 
height of the fluidlzed "bed, I^', is measured from the bottom of the 
burner tube to the top of the Seated interval. Usually these two 
lengths coincide. These definitions are arbitrary and there are others 
which could be used, 

(2) The ratio of the average ten^jerature rise in the heated 
Interval to the maximum temperature rise, E. This is a significant 
quantity because the average temperature rise is proportional to the 
average heat input, and the maximum temperature rise is limited tiy 

the maximum allowable temperature of the burner casing,' An ideal burner 
is one where this ratio is unity. The average temperature was found by 
graphically integrating over the heated interval on the ' temperature 
ciarve . " 

1 actual heat input, through the casing, in the heated 

interval, H^. This is the heat input which must be inaintalned in order 
to heat a formation to a given temperature, in a given time, with a 
given well spacing. Assuming that casing temperature is proportional 
to heat input along the entire casing, the fraction of the heat delivered 
to the heated interval can be found by integrating along the temperature 
curve. This fraction is then multiplied by the gross heat input less 
the sensible heat of the exhaust gases. 



T^) dL 



(T-T^) d L 
I casing 



The quantity, H - GA C T„, is shown on Figure 1^2 for propane and production 
gas. 
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{k) The ratio of the actual heat input to the fonnation 
compared to the gross heat input to the hurner, %• 

(5) The pressure drop in the fluidized bed per foot of 
settled bed,/lP/Lg„ This pressure drop could be conrpared to the 
length of fluidized bed or heated interval alsOo These lengths must 
be calculated and are not known as CLccurately as the height of the 
settled bed, therefore they were not used. 

(6) Bed expansion J Lg'/^s' some tests, the thickness 
of the heated Interval was less than the height of the fluidized bed, 
because of poor heat transfer to the lower part of the casing. There- 
fore the bed expansion was also studied. 

Methods of Data Analysis 

The test program, which was set up as a complete factorial 
design, was changed extensively as the tests progressed. Also, the 
data were not taken at discrete levels of each variable. Therefore 
it was not possible to use the factorial design analysis to examine 
the effects of each variable, or the possible interactions among 
variables. The data were correlated using a linear regression ana- 
lysis computer routine (Union Oil Co, Routine No, 003h) o This routine 
fits a linear equation of the type shown belov by the method of least 
squaresl^ 3: 

y = % *••• ^ Vn ■■• 

Where y is the dependent variable, to x are the n 
independent variables, and a^ to a ore constant coefficients. In 
addition, the routine supplies the necessary data to calculate the 
standard deviation about the above equation, and the standard devia- 
tion of each coefficient, a^. Each coefficient, a , was tested by the 
"t" test, at the 9556 level, to determine if it was significantly dif- 
ferent from zero. If not, it was eliminated in further trials with 
the regression routine, except in a few cases where there was reason 
to believe that there might be interactions between two variables. In 
this case the elimination of one sometimes made the other become signi- 
ficant • 

When the original test program was designed, the following 
independent variables were considered: 

lo mass flow rate, G., 

2. sand height divided by burner tube length, 1^/^* 
3o burner tube length divided by area of annulus, 
burner casing diameter, D . 
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These four variables would describe a burner if the diameter of the 
biirner tube were set by the casing diameter i.e., if there were only 
one burner diameter which could be used with a given casing diameter* 
It was assumed that, this was true because of the limitations imposed 
by the flaiae velocity and the flow rates necessary for fluidization. 
This assuirrption was proved invalid when two different burner diameters 
were used successfully in wells 120 and 122. Therefore an additional 
quantity is necessary to describe the burner. This could be burner 
tube diameter, burner tube length> or annulus area. The burner tube 
length; was used becaixse it was felt that it might be correlated more 
easily with some of the dependent variables^ i.e., length of heated 
interval^ L^, and the heat input ratio, Hr. One additional factor 
was inrtroduced when some tests were made with production gas as fuel. 
This qtialitative factor was called the fuel number, F, and was zero 
when the fuel was propane and equal to one when the fuel was produced 
gas from the 100-well test. When produced gas is being considered, 
this is eGLuivalent to changing the coefficient a^ in the above linear 
eq.mtioni to a'Q = a^ + a^, where ap is the coefficient of F. 

Heated Irttgnra.1 and Bed Expansion 

The heated interval is defined as the distance, along the 
burner casing, "betveen the two points where the teinperature rise is 
equal to one-half the iii a x 1. in im ten^jerature rise. Usually, but not 
always, the lover of these points was within a few feet of the bottom 
of the \mnter tube. The height of the fluldized bed is defined as 
the distance from the bottom of the burner tube to the top of the 
heated interval. In most capes these two lengths coincide. The bed 
e^^ansioa is the ratio of thp height of the fluidized bed to the height 
of the unexpended bed. 

Table 12 shows the results of applying the regression ana- 
lysis to the heated interval data. In the first trial,, an attempt 
was made to correlate heater interval^ with all of the six inde- 
pendent variables plus the term \Ja. The latter term was used 
because of the frequency with which it appears in fluidized bed heat 
transfer ccorrelations, however it was of no significance in any of 
the correlations in these tests. The significance of each factor 
was tested by applying the "t" test to determLne if the coefficient 
was significantly different from zero. This msans that the coef- 
ficient is not significant if t is less than 2.01, at the 95^ level 
of si^ifieance with 50 degrees of freedom. Thus the fuel, casing 
diameter and the term, 1^. \r5, had no significant effect on the length 
of the heated interval. The equation which resulted from the regres- 
sion analyses is: 



= 8.10 + llH G + 0.755 Lb + Ml-.B Ls/Lb - h.Q3 Lb/Aa 



The range of Lg was from. 5'<-l/2 to 101 feet with mean value 
of 72.68 feet and a standard deviation from the regression eaiiatlon 
of ± 5-27 feet. ^ 

Inasmuch as the height of the f luldlzed bed did not always 
coincide with the heated Interval, the bed height was correlated 
separately,, as the bed expansion, L^'/Ls Table 15 shows the re- 
sults of these correlations . The fuel and hxamsr tube length, as 
well as the term % \fQ were found to be insignificant. Thus the 
following equation resulted: 

Lh'/Ls = 7-93 - h.68 Ls/Lb - 0.315 L^Aft + T.31 G - 0.568 D 

The bed expansion vaxied from 2.k6 to 5.35, with a mean of 
3 -hi and a standard deviation from the regression equation of 0.275. 

Tengierature Ratio 

The results on Table ik show that the only significant 
factors affecting the temperature ratio are the fuel and the ratio 
of burner tube length to the area of the annulus. It is interesting 
to note that, on the average, the use of produced gas instead of pro- 
pane lowers the temperature ratio by It.ai^. The equation for the 
temperature ratio is: 

E = 89.8 - 1.1^4 Lb/Aa - k.ai F 

^ oa ^ ^ ^'^^ °^ ^ 79-01^6 and the range is from 65.O 

to 50.6^ wxth a standard deviation about the regression equation of 

Actual Seat Input 

The actual heat- input to the formation was correlated as 
shown on Table I3. The effects of fuel, burner length divided by 
annulus area, and the term, were all insignificant. The equa- 

tion which resulted is: ^ 

Ha = -61.8 + 213 - 3.k9 Lb + 1222 G - 39^ Lg/l^ 

This heat input varied from k6o to 8C2 BTU/ft-hr. The mean 
value was 619.9 BTU/ft-hr and the standard deviation for the above 
equation was ± 3k.6 BTU/ft-hr. 

Heat Input Ratio 

u . ^^"^ ^ correlated in Table j£. This term, 

which is the ratio of the heat STq)plied to the fomiation in the heated 
interval compared to the gross heat input, could also be called the 
burner efficiency. The only significant factats affecting this ratio 
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ver.e casing diameter and mass flov rate* The equation was: 
% = 0,952 - 0.0796 Dc + 0-342 G 

Thus smaller casings and higher flow rates provide more 
efficient burners. The heat input ratio varied from O.626 to O.833 
with a mean value of O.767- The standard deviation of the above 
equation was + 0.03ij., 

Pressure Drop 

An attempt was made to correlate the presaxire drop per 
foot of settled sand bed with the particle Reynolds number, ^^ev^ 
and the hydxaxaic radius, r^. These results are shown on Taiale IT. 
Figures 6 to 8 show that the flow rate has no significant effect on 
the pressure drop if the flow rate is high enough to maintain a f lu- 
idised bed. The fact that the particle Reynolds number has no effect 
on the pressure drop shows that the particle size does not affect 
pressure drop, within the narrow range of particle size used. The ' 
equation for the pressure drop is: 

AP/Ls = a.73 - 3.55 rh 

The pressure drop varied from O.506 to I.60 psi/ft with a 
mean of 1,136 psi/ft. The standard deviation of the above eauation 
is 0.130 psi/ft. , ^ 

Burner Capacity 

No data -were taken to detenalne the capacities of the 
himier tubes. The naxlmuia heat inputs used in the tests vere 66,500 
Bia/hr with a 1-inch burner, 7't-,6GO EEtJ/hr with a 1-1 A inch hurper, 
and 95,600 BTU/hr with a I-I/2 inch .-burner. " ■ 

Sand Losses 

Sand , loss data were taken and are shorn on Table k. These 
data are erratic and show no particular trend. Apparently the sand 
losses caused by attrition were very small, bompared to the losses 
caused by slugs condng out the top of the caking- If there was mois- 
ture on the casing wall, sand could collect and stick to the casing 
and then be considered as lost. Later when the casing became dry 
thxs sand would fall back into the bed and be considered as a gain 
in sand level. In addition, the accuracy of the sand level measure- 
ment was about 1/a foot, and being a difficult quantity to measure, 
a. given sand le^l would be measured differently by different indi- 
viduals. 
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Range of Data 



is listed oS^TaS\f T"" °^ Independent and dependant ^iables 
f.,,^^:^, ^^^-"-^ Because of the errors involved vfaen non-linear 

functions are approximated by linear equations, one should be extre^v 

^^tlcE Sd TT^ °^ VBriables include fhe inost 

practical and economical operating points. 
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COaCLUSIQNS 



There are few definite conclusions vhich can be drawn from 
these -tests, inasmuch as the main objective was to obtain burner de- 
sign and operating data. Therefore the most iir^ortan-t results are 
in the form of eq.uations which resulted from the correlation of these 
data. 

It was shown however that: 

, fired LINS burners can be used to heat formations 

as thick as 100 feet, and indications are that, with larger burners, 
even larger intervals could be heated. 

2. The gas, which is produced by the LINS process, is 
a suitable burner fuel and in some respects is easier to use than 
propane • 

.... 3. Quartz sand, as was used in these tests, showed very 
little wear after an equilibrium particle size distribution had been 
reached. This occurs a±i:er a few hundred hours of operation. 

, ^' heat input capkcities of the variovis sizes of 

burner tubes have not been determined, and this should be done. 

5- If there are two different burner designs which will 
heat the same interval, generally the one with the smaller casing 
and higher flow rate will be the more efficient design. 

T TT TV - operated by a team coasisting of W. J. Shirley, 

J . K. Duir, and the authors . -i - ^ 
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LIST OF SYMBOLS 



" Cross -sectional area of anniaus between burner easing 

and burner tube (in'^^). 

Ce - Heat capacity of exhaust gas (BTU/scf **F). 

% - Outside diameter of burner tube (.in.). 

'c - Inside diameter of burner casing (inO- 

Ratio of aTCrage casing temperature rise to maximum 
temperature rise (jt), 

F - Fuel number (O for propane, 1 for prodnced gas). 

G - Mass flow rate (ib/ft^sec). 



E - 



H - 



H 



Gross heat input to burner (BUj/hr) . 



■A ■ I^JS^^) ^^'^^ *° f omatlon within heated interval 

% - Ratio of heat delivered to the f onnation within the 

heated interval to the gross heat input to the burner 

•L. - Distance along the bTimer casing (feet). 

I-B - Length of the burner tube . (feet). 

% - of tiie heated interval of formation, measured 

between the two points where the temperature increase 
is 50% of the maximum (feet). 

%S - Height of the slugging bed (feet) . 

Ls - Height of the settled sand bed in the amnilus between 
the burner tube and the burner casing (feet) . 

%• - Height of the floiidized bed, measured from the bottcm 
of the burner casing to the top of the heated interval. 

P - Pressure of the fuel gas at the surface, (psig) 

AP - Pressure drop in the sand bed (psl). 

A Po - Pressure drop in the supply pipe and burner tube (psl) . 



List of Symbols (eontin»^ri^ 

I'h - hydraulic radius of annulua (in.). 

T - Temperature along burner casing ('p). 

- Anbient teiqierature (°F). 

% - Temperature of exhaust gas ("F). 

- Maximum temperature along burner casing ("F). 

Tavg - Average temperature in the heated interval Cf). 
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Table 3 



PRELIMIHARY BURNER TEST RESULTS 



Jest No. 


1 


5 


2 


5A 


lA. 


Date 


8/18-22 


8/28-50 


8/50-9/5 


9/5-6 


9/6-8 


Sand Level 


18. 1^ 


ISA 


25 A 






Heat laput 


U6,ooo 


58,600 




58,600 


^6,000 


Flow Rate 


.269 


.5'<-2 


•269 


• 


.269 




.511 


•511 


.650 






Sand Life ) 
at start (hr) ) 


112 


5214- 


567 


■462 


553 




59 


70 


71 


81 


. 65 


H 


1^6 


55 


57 


55- 


51 




5.2 


5.8 


5.0 




5.5 


V% 


2.5 


. 2.9 


2.U 


\ 3.2 


2.8 


has -H 


15 


17 


ll^ ■ 


• 26 





^ Sand Sample Taken (see Figure 2) 
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Table 7 



PRESSURE PROF DAJIA 

WELL 120 



WELL 122 



Test 


A P/l, 
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Ic 1.032 1820 21*. 6 
Id 1.052 1810 21*. I* 
2a 1.080 2280 30.7 
2b 1.666 2250 50.5 
5a l.OU 1820- 21* .1* 
5b 1.060 1820 21* .1* 

5c 1.030 1820 21*11^. " 

1* 1.065 2290 30.8 

123- 2 1.170 2280 -30.7 

122 -IBa 0.506 2190 2l*.9 0.5585 

IBb 0.520 2180 21*. 8 " • 

5Ba 0.760 2170' 21* .7 " 

3Bb 0.667 .2190 2l*.9 " 

5Bc 0.t76 2160 21*. 6 



Table ^ (continued) 
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Table 10 



SIEVE ANALYSES AT EKD OF TESTS 





Opening 
(in.) 


Weifz;ht Percent on 


Sieve 


Tyler Sieve 


Well 120 


Well 122 


Well 12i4. 


+ 20 


0,0238 ' 


23.00 


35.53 


11.61 


20 - 28 


0,0232 


ho. 3k 


57.77 


2lf.08 


28 - 35 


0.0161*. 


IS.ko 


19. 7!^ 


25.63 


35 - US 


0.0116 


SSk 


7.86 


21.1*1 


k3 - 65 


0.0082 


J*.89 


0.95- 


15.51 


65 - 100 


000058 


1.25 


0.08 


5.00 


100 " 150 


O.OOlfl 


0.55 


0.03 


O.U5 


150 - 200 


0.0029 


0.25 


0.02 


0.20 


200 - 250 


0 .002k. 


0.08 


0.005 


o.oii- 


Pan 




0.10 


0 .015 


0.07 



Average Particle Diameter 
(in.) 



O.O21I1- 



G.0255 



0.0167 



I 



Table 11 



PRODUCED GAS AHALYPTRc: 
(Sampled January 23^ 1959) 

CoiEonent Separator Gas Sweetened Gas 



Ho 




^3.^ 




P • ( 


■ 0.0 


2 




3.5 


CO + 


u .X 


5.9 


CH). 




33.3 


2 6 


5.0 


4.8 


C^Hg 




2.6 


if 10 




0.8 




0.8 


1.0 




0.1 


0.0 




O.lf 


1".2 




0.7 


1.0 




0.6 


0.6 




1.0 


1.5 




0.7 


1.3 




0.1 


0.2 




0.0 


0.1 


Ay. Cg 


Q.k 


1.0 



Heat of Combustion (gross) 
Specific Gravity 



81^3 BTU/scf 
0.528 



922 BTU/scf 
0.578 



SUMMARY OF REGRESSION ANALYSIS RESUHPS 



LENGTH OF HEATED DCTERVAL 



No. of Data Points: 55 
Mean = . 72 .68 feet 
= 297,819.75 

Trial No . : 



^0 
*1 
^2 
^3 

^6 

a, 



7 



*2 



From 10c: 



1 


k 


10 


72.9 


20.50 


8.10 


0.761». 


0.739 


0.755 


48.5 


1«.3.8 


M^.8 


- ^.35 


- 3.90 


- 4.03 


-89.3 


0.706 • 




-1^23 * 


lUo 


iin' 


- \M * 






172 




\ 



6.06 


5.7V 


10.9 


It. 05 


■3.W 


4. In 


3.26 


3.20 


5.30 


2.1J.7 


o.iin * 




1.79 • 


5.23 


5.57 


0.57 * 




2.U0 






5.01 


5.32 


- 5.27 



Lg = 8.10 + ll^iG + 0.75513 + iA.8 - k,03 ^ 
aj^. not significantly different from zero 

In Trial No. 1, some data points vere in error, tut not enough to 
change the results significantly. 



Table 13 



SUMMARY OF BEGRESSIOH AKALYSIS BESUIilS 
ACTUAL HEAT IHFUT, H* 



No, of Data Points: 55 
Mean H^: 6I9.9 BTU/ft hr 
Ztl^ - 2llf,68l.83 

= a^ + ^ + a^G + a ^D^ + a|^Lg + a^F + ^ + a^"/^ 



Trial No.: 


1 


2 


3 


yj 






-61.8 


a-, 
1 


- k07 


- kdk 


- 39^ 


^2 


5200 


1310 . 


1220 


aj 




179 


215 




-2.5lv 


-2. 61 


-5.H.9 




59.5 


0 '< 
30.1 v 






-18.6 


-15.8 • 






-1180 








5.65 


5.25 


5.05 




3.65 


7.90 


l.kl 




3.3^ 


5.82 


10 ;7 


H 


3.08 


3.26 


5.78 




.2.6U 


1,95* 




^6 


2.31 


1.83 * 






2.7lf 








30.2 


32.8 


3k. 6 



From Trial Ho . 3: 

Ha =-6l.8 + 215D - 3.1^9Lj, + 1222G - 39^ 
e a^ Not significantly different from aero 



Table ik 



SUMMARY QF REGBESSIQN ANALYSIS RESULTS 
TEMFSRjmjRE RATIO » E", 



No. of Data Points: 55 
Mean E: 79.01^ 
21 E^ - 3^^5,11^ 



E = aQ + a^D^+ a^Lg + a^G + a|^^ — + ^ + a^F + a^V ^ 



E - 89.8 - l.kh - h.^lF 



Trial No.: 


1 


6 


11 


^0 


57.22 


82.9 


89.8 


^1 


25-8 


- 


- 


^2 


o.iait. 






^5 


271 * 


50.8 * 


_ 




6.85 • 






^5 




- 1.58 


^ 1. L 

- l.iw- 


^6 


- 5.15 * ■ 


- l^.09 * 


- U.81 




-69.2 * 








0.77 • 








1.07 * 








1.2i^ * 


1.36 * 




\ 


0.62 * 








2.88 


2.79 


5.62 


*6 


1.38 * 




5.16 


*7 


ft 

1.05 






cr 


- 1^,62 


-1^.75 




From Trial No . 


11: 







^5. 

• Not significantly different from zero. 



117.1 
- lf.82 * 



3.11 



1.95 * 



k.kh 



i if.87 



Table 15 



SUMMARY OF REGRESSION ANALYSIS RESULTS 
BED EXPANSION, %'/Lg 

No. of Data Points: . 55 
Mean Ig'/l^: 3Ml 
2.il^^/j^f'. 657.57 
Lh'/^s = ^0 + a^ ^ + + a^G + a^F + a^D^+ a^Lg + a^/G 



Trial No. 




7 


12 


16 




It 


1.52 


5.0lt- 


T,«93 






- ^-.70 


- If. 38 


- It-. 68 


ag 


- 0.557 


- 0.171 


- 0.268 


- 0.515 




21,5 * 


6.2k 


6.9l|. 


7,31 




e 

- 0,202 


- 0.193 


- 0.219 * 






1.52* 




- 0.581 


- 0.568 


^6 


. 0,00381* 










- h:3k * 








*1 


5.90 


7.82 


8,27 


9.19 


^2 


1^.10 


■ 3.11 


5.0li- 


6.70 




1.U7 * 


i»-.ll 


5,22 


5.W 


\ 


1.35 


1.33 * 








0.68 * 




It-. 17 


-3.97 


*6 


0,1^9 * 








*7 


1.03 * 








cr 


- 0.308 


. t 0.310 


- 0.270 


- 0.275 



-From 16: 

Lg'/I^ = 7.93 - 1^.68 h - 0.315 ^ + 7.3IG - 0.56811 

9 not significantly different from zero 

M In trial No. 1, some data points were in error, but results 
were not changed significantly 



Table l6 



SUMMARY OF REGRESSION ANALYSIS BESUUS 
HEAT INPUT RATIO, Hg 

Mean = O.7671 



a,F 



^ ^A 

Trial No, 1 17 

^0 1-0^ 0.952 

- 0.6986 - 0.0796 
^2 0.000505* 



^5 



0.316* 0.3'^2 
- 0.00829 * 



- 0.00505 * 

- 0.0105 * 



"5 



s 

\ 



*1 2.99 6.72 

t2 0.585 * 

*3 1.7a * 2.19 

\ ' 0.100 

*5 0.551^ • 

t6 0.632 * 



^ i 0.031^5 - 0.0338 



From Trial No . 17: 

% =0.952 - 0.0796 + O.3U2 G 

« a^ not significantly dif f erent ' f rom zero 



Table IT 



SUMMARY OF .REGBESSIQN AHALYSIS RESUIilS 
PRESSURE pR0P7AF/Lg:' 

Number of Data Points: k9 
MeanAp/Lg = I.I56 psi/ft. 



Trial No. 




18 


^0 


2.631 


2.75 




0.0819 * 




^2 


• - 1.58' • 


- ?.55 ■ 


h 


o.jho * 






Ik -,2 


22,9 




- 0.1279 


- 0.1502 



From Trial No. 18: . . 
Ap/I^ - 2.73 - 3.55 

* a^ not significantly different from" zero 



Table l8 



RAITGES MP MEANS OF VARIABLES 
IN BUEIMI TESTS 



Variable Minimum . Maximum 

0*352 0.559 

Lq (ft) 50 68 

Lg/l^ 0.283 0.880 

G (ib/ft sec) 0.202 0.299 

Lg/A^ (ft/in^) 5.03 8.82 

D (in) 3.068 ' 1»..026 

Ej^ (BTU/ft hr ) l*6o 802 

% 0.&6 0.833 

E 65.0 88.6 

2.k6 ' 5.35 

1^ (ft) 101 

AP/I5 (psi/ft) 0.506 1.60 



Burner Csg. 
D " sch. ho C.s; 



Gas Supply Pipe 
Sch. 14-0 C.S. 



i" sch. ho 



18-8 S.S. Pipe 




2" sch, ho C,S. 
Thermocouple Tbg« 



10^" "Spiral -weld" csg. 
Length « 



1^ sch. kO pipe 
Thermocouple Support 



Burner Tube 
Dg" sch. ho C.S. Pipe 




ssqoui - ( p) aaiajivia aioiJHVd 



FLOW 



^NoicfAia oar x* oo« -aArM micm mini msj ■ 




i 



Figure 31 
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TEMPERATURE - "F. 



